Thiol-disulfide oxidoreductases from the thioredoxin (Trx) family of proteins have a broad range of well documented functions and possess distinct substrate specificities. The mechanisms and characteristics that control these specificities are key to the understanding of both the reduction of catalytic disulfides as well as allosteric disulfides (thiol switches). Here, we have used the catalytic disulfide of E. coli 3 0 -phosphoadenosine 5 0 -phosphosulfate (PAPS) reductase (PR) that forms between the single active site thiols of two monomers during the reaction cycle as a model system to investigate the mechanisms of Trx and Grx protein specificity. Enzyme kinetics, DE 0 0 determination, and structural analysis of various Trx and Grx family members suggested that the redox potential does not determine specificity nor efficiency of the redoxins as reductant for PR. Instead, the efficiency of PR with various redoxins correlated strongly to the extent of a negative electric field of the redoxins reaching into the solvent outside the active site, and electrostatic and geometric complementary contact surfaces. These data suggest that, in contrast to common assumption, the composition of the active site motif is less important for substrate specificity than other amino acids in or even outside the immediate contact area.
Introduction
During the past decade the concept of cellular redox homeostasis shied more and more from the idea of a redox balance between oxidants and antioxidants towards the concept of spatio-temporally controlled redox signalling events. These events are specic with respect to the cysteinyl residues modied and the redox compounds and enzymes involved. Thioredoxins (Trxs) and glutaredoxins (Grxs) are the master regulators of the redox state of the thiol groups of the proteome with numerous well documented functions in essentially all cellular processes, including metabolism and cell signalling, see for instance refs. 1-4. In most cases, Trxs and Grxs reduce catalytic and allosteric disuldes, a classication introduced by Hogg and coworkers. 5 Although Trxs and Grxs have a broad range of functions, each member of the family has distinct substrate specicities. The mechanisms and characteristics that control these specicities are unclear and have hardly been addressed before.
Both Trxs and Grxs are part of the Trx family of proteins, characterized by a common structure, the Trx fold. 6, 7 This fold is dened by a central four to ve-stranded b-sheet, surrounded by three to four a-helices. Trxs and Grxs catalyze thiol-disulde exchange reactions. Two thiols in the characteristic Cys-X-X-Cys active site reduced a target disulde in a reversible two-step reaction. The more N-terminal thiolate cysteinyl residue, located at the surface of the protein in a loop connecting b1 and a1 (in Grxs) or b2 and a2 (in Trxs), attacks the target disulde resulting in an intermediate mixed disulde between the redoxin and the target protein. This is directly attacked by the more C-terminal active site thiol, normally buried in the protein at the beginning of the a-helix (1 or 2), yielding a disulde in the active site and a reduced target protein. Oxidized Trx is reduced by a Trx reductase and Grx by two molecules of glutathione. This reaction sequence was named the dithiol mechanism to distinguish it from the monothiol mechanism. The latter is used by Grxs to reduce protein-glutathione mixed disuldes and requires only one, the more N-terminal, active site cysteinyl residue.
Both Trxs and Grxs were originally identied as electron donors for ribonucleotide reductase from E. coli. 8, 9 The requirement for Trx in sulfate assimilation was originally described by Gonzalez-Porqué et al. 10 for yeast. Reduction of sulfate to sulte requires two electrons with a DE 0 0 of À517 mV. Adenylation and phosphorylation to 3 0 -phosphoadenonsine-5 0 -phosphosulfate (PAPS) lowers this redox potential to À60 mV. In E. coli, Trx1 and Grx1 were identied as alternative electron donors for the catalytic disulde in PAPS reductase (PR).
Enzymatically active PR (EC 1.8.99.4) forms a homo-dimer (2 Â 28 kDa). It is devoid of redox-active chromophores but contains a single cysteine in a strictly conserved ECGLH motif that is located at the C-terminus. 13 Steady state analysis of the reaction and mutagenesis analyses demonstrated that PR follows a ping-pong mechanism in the reduction of PAPS to sulte and 3 0 -5 0 -adenosine diphosphate (PAP). [13] [14] [15] [16] [17] In the rst step, the PR dimer reduces PAPS directly to sulte without any detectable sulfate or sulte-bound intermediates. Oxidation of PR yields an intermolecular disulde between the ECGLH cysteinyl residues of the two monomers. In the second step, this disulde is the substrate for Trx or Grx and requires the dithiol reaction mechanism of the redoxins for reduction. Although E. coli PR is a rather promiscuous enzyme regarding its choice of electron donors, it cannot be reduced by any Trx or Grx. The high cross-reactivity of E. coli PR was, for instance, useful in the identication and purication of heterologous Trxs from spinach, Synechococcus, and yeast. 18 However, the two additional dithiol Grxs of E. coli itself, Grx2 and Grx3, 19 cannot reduce PR, neither in vivo 20 nor in vitro.
16
In this study, we have used E. coli PR as a model for the analysis of the specicity of Trx family proteins addressing two hypotheses. First, is the functionality of the redoxins determined by the redox potential of their active site dithiol-disulde redox pair? Or, second, is their functionality determined by specic molecular interactions next to the thiol-disulde exchange reaction?
Results

Homologous and heterologous thioredoxins and glutaredoxins as electron donors for PAPS reductase
The functionality of various thioredoxins and glutaredoxins from different species with E. coli PR was analyzed in kinetic assays. In addition to the well established E. coli Trx1 and Grx1, which are regarded as physiological reductants, 12, 16 and the non-active E. coli Trx2, Grx2, and Grx3, 16 we analyzed E. The results are summarized in Table 1 .
Not surprisingly, E. coli Grx4 could not reduce PR. Grx4 is a monothiol-type Grx and the reduction of PR requires the dithiol mechanisms. 16 NrdH, a protein with a Grx-like structure but Trx-like activity prole, is a specic electron donor for the alternative ribonucleotide reductase NrdEF, 22 but NrdH is not functional with PR. Grx (formerly Trx) from the bacteriophage T4 was also not able to catalytically reduce PR. In contrast, the four plant Trxs H1-H4 and the plant Grx 25 were able to supply PR with electrons yielding catalytic efficiencies between 18 and 154% compared to E. coli Trx1. With human Trx1, PR yielded a catalytic efficiency of 59%. Human Grx2, on the other hand, was not able to reduce the enzyme's catalytic disulde.
Redox potential of PR
One possible explanation that was suggested for why some redoxins are functional in this assay while others are not are the different standard redox potentials of the dithiol-disulde pairs of the redoxins. From the literature, the E Table 1 . Although these values did not clearly discriminate the two groups, we decided to determine the redox potential of the active site ECGLH cysteinyl/intermolecular disulde pair of dimeric PR.
The ping-pong uni-bi-bi reaction sequence of dimeric PR requires a considerable conformational change of the protein during each reaction cycle. [15] [16] [17] This conformational change causes small changes in absorbance of the protein in the UV spectrum.
15
These changes were analyzed by difference absorption spectroscopy using a two beam setup with in series 
15-18
In the photometer, the reference beam contained PR (fully oxidized) and a glutathione redox buffer in separate cuvettes; in the sample beam the protein was in the same cuvette as the redox buffer. The glutathione redox buffer also contained a catalytic amount of Grx1 in a ratio of 1 : 100 to PR. Reduction of PR led to a decrease in absorbance at 253 and 294 nm (Fig. 1A , spectrum 1), likely caused by disulde reduction and changes in the interactions of a tryptophanyl residue with the solvent. The differences in absorption coefficient at 294 nm were recorded over time aer incubation in dened glutathione redox buffers until equilibrium was reached, i.e. up to seven hours (not shown). The ratio of reduced versus oxidized PR was plotted against the redox potential dened by the redox buffer (Fig. 1B) . Non linear regression of 25 independent measurements against the Nernst equation yielded a redox potential of À162.2 mV. This potential is still 36 mV above the potential of Grx3, the nonfunctional redoxin with the highest potential (À198 mV) 30 and does not correlate to the different activities of the redoxins towards PR, see Table 1 .
Structural analysis
What else, if not the redox potential, could determine the different specicities of the Trx family proteins for a promiscuous protein like PR? Chartron et al. presented the structure of a complex between a monomer of PR and an active site mutant of Trx1 that represents a catalytic mixed disulde intermediate in the reduction of PR by the redoxins in the dithiol reaction mechanism. 29 In this complex, both proteins interact speci-cally at multiple points (see Fig. 2C and 3) . Clearly, the degree of conservation of these interacting residues cannot explain the different functionalities and efficiencies of the redoxins with PR (Fig. 3) . The interactions include many backbone-backbone interactions. Specic side chain interactions are rare and may be taken over by other amino acids, for instance in the case of aspartyl 61 of E. c. Trx1 by the aspartyl residue 37 of E. c. Grx1, located one amino acid N-terminally of aspartyl 61 in the structural alignment (Fig. 3) . The molecular interactions between Trx and PR also include specic electrostatic interactions at the short sites/corners of the contact surface (see Fig. 2D ). The 3-amino group of lysyl residue 36 of Trx1 speci-cally interacts with the b-carboxyl group of aspartyl residue 206 of PR and the guanidino group of arginyl residue 73 of Trx1 with the g-carboxyl groups of glutamyl residues 238 and 243 of PR. In between these two small positive surface patches of E. coli Trx1 is a surface area with a neutral to slightly negative electrostatic surface potential (see Fig. 2D , lower row).
Could these specic complementary electrostatic surface potential patches be a common feature of redoxins that react The electrostatic surface potentials (from red ¼ À4 to blue ¼ +4 kT per e, using atomic partial charges) mapped to the surface and highlighting the contact surfaces and some specifically interacting amino acid site chains. All pictures and data were computed using the DeepView/Swiss-PDB Viewer 4.1 with PDB accession number 2o8v. kinetically with PR and be different in those that don't? To address this hypothesis, we analyzed the available structures of the redoxins analyzed kinetically, i.e. E. coli Grx1 (pdb code: 1egr), 31 Grx2 (1g7o), 32 Grx3 (3grx), 33 Trx1 (1xob), 34 and NrdH (1h75), 35 bacteriophage T4 Grx (1de2), 36 A. thaliana TrxH1 (1x), 37 as well as human Grx2 (2s) and Trx1 (1ert). 38 From these structures, T4 Grx and E. coli Grx2 differ the most, since these redoxins contain elongated loops on the interaction surface (T4 Grx, Fig. 4A ) or an additional domain that partly covers the contact area (E. coli Grx2, Fig. 4B ). These features obviously explain their lack of activity with PR. The remaining structures fall into two groups with respect to their electrostatic characteristics (Fig. 5) . The rst group consists of E. coli Grx1 (Fig. 5A) and Trx1 (Fig. 5B) , human Trx1 (Fig. 5C) , and A. thaliana TrxH1 (Fig. 5D ). This group is characterized by a neutral to slightly negative contact area, marked by a few small positive patches (Fig. 5A-D, 5th column) . And, moreover, a rather prominent negative electric eld protruding into the surrounding solvent outside the contact surface characterized above (Fig. 6A-G) . The second group includes E. coli Grx3 (Fig. 5E and 6I ), human Grx2 ( Fig. 5F and 6H) , and E. coli NrdH (Fig. 5G and 6J ). This group lacks prominent electric elds reaching into the solvent and displays a pronounced positive surface potential in the area corresponding to the contact surface between E. coli Trx1 and PR (Fig. 2C and D) . Astonishingly, these two groups exactly correspond to the redoxins active with PR (rst group) and the redoxins inactive with PR (second group). In fact, the strength and extent of the negative electric eld of the redoxins outside the contact area directly correlates to the catalytic efficiency of PR with these redoxins as electron donors (Fig. 6 ).
Discussion
The specicity of distinct Trx and Grx proteins for any given catalytic or allosteric disulde, see ref. 5 , is a key element for the controlled ow of metabolites and the operation of thiol switches in redox signalling.
39 Using E. coli PR as model, our study suggests that geometric and electrostatic complementarity as well as electric elds and thus long-distance electrostatic interactions between the redoxin and their target proteins are the key elements for Trx family proteins' specicity and efficiency.
The differences in standard redox potentials between two redox pairs, such as a Trx (red/ox) and a metabolic enzyme such as PR (red/ox), are a measure of the free energy of the reaction and thus how thermodynamically favorable this reaction is. Fig. 3 Structural alignment of the thioredoxin family proteins investigated in this study. The structures of the various redoxins were pairwise aligned to the structure of E. coli Trx 1 (PDB code 1xob) using PyMOL and thereafter manually arranged in this alignment. The residues directly interacting in the E. c. Trx1-PAPS reductase complex were highlighted with a green background. The residues were also specified below the sequence, as well as the interacting residues in PAPS reductase and the parts of the amino acids involved in these interactions (bb: backbone, sc: side chain). The interactions were calculated with 'contact' of the CCP4 suite. 58 Conserved residues were highlighted with a yellow, positively charged residues with a blue, and negatively charged residues with a red background. The positions of the active site as well as the Trx-fold specific cis-Pro residues were also marked above the sequences. The secondary structures of E. c. Grx1 was also included above the sequences, the secondary structure of E. c. Trx1 below the sequences.
Thermodynamics, however, do not determine physiological reactions. Rate constants are determined by, most of all, the magnitude of the activation energy barrier. This is what enzymes facilitate -increasing reaction rates by lowering activation energies. In vivo, the ow of metabolites is controlled by metabolite concentrations, enzymes' specicities, the regulation of enzyme activity, and compartmentalization. As long as a reaction is thermodynamically favorable (or made favorable by, for instance, detracting a reaction product) reaction rates are controlled by proteins. This was nicely conrmed here. The differences in redox potentials of the redoxins and PR did not correlate to the efficiency of the enzyme with these redoxins as electron donors. Similar conclusions were drawn before. The standard redox potential of Trx1 and Grx1 are À270 mV (ref. 40 ) and À233 mV, 30 respectively, making Trx the thermodynamically more favorable reductant. E. coli ribonucleotide reductase, however, is catalytically more efficient with Grx1 as electron donor. 41 Moreover, the redoxins which are able or unable to reduce ribonucleotide reductase correspond to the same two groups as the redoxins investigated as reductants for PR here. E. coli Trxs 1, Trx2, and Grx1 as well as poplar Grx are able to reduce E. coli ribonucleotide reductase, 8, 9, 25, 42 whereas E. coli Grx2, Grx4, and NrdH display marginal or no activity.
22,43,44
The importance of geometric and electrostatic complementary surfaces has been highlighted before in a study that aimed at the determination of the structure of the peroxiredoxin-glutaredoxin (Prx-Grx) hybrid protein from Haemophilus inu-enza. 45 This study revealed two interaction sites on the surface of the Prx domain, depending on the reaction cycle of the peroxidase that involves a conformational change of the active site peroxidatic cysteinyl residue. These areas interact with essentially the same contact surface on the Grx domain of a second hybrid protein in the homo tetrameric quaternary structure. Both modes of interaction involve specic electrostatic interactions of two small positive patches on the Grx domain dened by lysyl residue 177 and arginyl residue 212, with two negative patches on the Prx domain, dened by glutamyl 59 and aspartyl-glutamyl residues 89-90 or aspartyl residues 148, 154, and 156. 45 This interaction is quite similar to the interaction of Trx1 with PR, see Fig. 2D . Another example for the importance of complementary surfaces was provided by the crystal structures of the two barley TrxH isoforms 1 and 2 and a complex of TrxH2 with the a-amylase/subtilisin inhibitor BASI. 46 This study also concluded that substrate specicity and reaction efficiency may be mainly based on complementary contact areas and specic molecular interactions between the Trxs and their target, and not on differences in redox potentials, that are almost identical for these two Trxs.
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Our conclusions are further supported by an analysis of three more complexes between Trx family proteins and their targets that are available in the protein data base. The complexes of human Trx1 and thioredoxin interacting protein (TXNIP), 48 namely TrxH2 and BASI, and between yeast Trx1 and methionine sulfoxide reductase A (MsrA) 49 are depicted in Fig. 7 . The proteins do not only demonstrate surface complementarity but, when separated, also a perfect complementarity between their electrostatic eld maps when the interacting surfaces face each other (Fig. 7, rst column) .
Long-range electrostatic interactions are thought to be a driving force for facilitating and enhancing the rate of specic binding of a protein to a target. 50, 51 Not surprisingly, the best studied mechanisms of signalling and regulation -reversible phosphorylation -primarily affect electrostatic interactions. Here, we have seen a strong correlation between the efficiency of PR with various Trx and Grx proteins as electron donor and the extent and strength of the negative electric elds of the redoxins protruding into the solvent, mostly outside the immediate contact area (Fig. 5) . The only study addressing this point so far by Bunik et al. 52 analyzed the activation of aketoglutarate dehydrogenase by various Trxs. Supporting the conclusions drawn here, this study identied that the length of the a-helix 1 (where part of the active site is located) and the surrounding charges correlate with the inuence of the Trxs on the a-ketoglutarate dehydrogenase complex. The efficiency of the Trxs tested directly correlated to the strength of the, in this case positive, electric elds/polarization and the highest dipole vector. Bunik et al. concluded that the 'selective action of a thioredoxin should stem from specic recognition upon formation of the thioredoxin-target complex [.] before the highly reactive catalytic groups are brought together'. 52 This Fig. 4 Structures of Grxs non-functional with PAPS reductase with altered active site geometry. Secondary structure representations of (A) T4 Grx and (B) E. coli Grx2. The loops and domain protruding from the area corresponding to the contact surface in Trx1 are marked. The pictures were computed using the DeepView/Swiss-PDB Viewer 4.1 with PDB accession numbers 1de2 (T4) 36 and 1g7o (Grx2).
hypothesis is fully supported by our study. Astonishingly, for these long range electrostatic interactions, amino acid residues outside the contact area can be as or even more important than the residues forming the complementary contact surfaces. The importance of cellular redox potentials for efficient electron transfer, catalytic or in signalling events, is questionable. 53, 54 The results and analyses presented here using PR, the substrate tested for the greatest variety of redoxins, suggest that both short-and long-range electrostatic interactions are the major determinants of the specicity of Trx family proteins. Additional limits are set by the necessity for geometric complementarity. Supported by previous studies and all available structures of Trx-target complexes, this could be the major mechanism for the target specicity of Trxs and Grxs.
Experimental
General methods
Chemicals and enzymes were purchased from Sigma-Aldrich (St. Louis MO, USA), unless otherwise stated, and of analytical grade or better. Electrophoresis and Western blotting were run as described in ref. 16 . to the front. Third column: surface representation of the active site and potential contact areas in atomic type coloring. Fourth column: electrostatic surface potentials (from red ¼ À4 to blue ¼ +4 kT/e, using atomic partial charges) mapped to the surface. The pictures were computed using the DeepView/Swiss-PDB Viewer 4.1 with PDB accession numbers: (A) E. coli Grx1 (1egr), 
Protein expression and purication
PR was expressed and puried from a pET16b derivative as described in ref. 16 , likewise Grx1. 40 mg of PR and 75 mg Grx1 were obtained per liter LB broth at a purity of >98% as judged by SDS-PAGE. Human Grx2 was produced as described in ref. 55 . Human Trx1, E. coli NrdH, and T4 Grx were a kind gi by Arne Holmgren (Karolinska Institutet Stockholm). Recombinant plant thioredoxins were a kind gi by Yves Meyer (Perpignan, France) and Jean-Pierre Jacquot (Nancy, France).
PAPS reductase assay
Activity of PR was measured as acid labile 35 [S]-SO 3 2À formation from 35 [S]-PAPS 18 . 35 [S]-PAPS was prepared enzymatically from 35 [S]-SO 4
2À
(Amersham-Buchler, Braunschweig) as described in 16 using recombinant APS kinase from Arabidopsis thaliana.
56 Kinetic constants were calculated from a series of measurements repeated independently at least three times. The assay mixture (100 ml) contained 100-250 ng ml À1 of puried PAPS-reductase, 100 mM Tris/HCl pH 8.0, 10 mM Na 2 SO 3 , 100 mM 35 [S]-PAPS (specic radioactivity: 4.2 kBq$nmol À1 ), 0.5-50 mM redoxin. The redoxins were kept reduced by 10-25 mM dithiothreitol (DTT) and/or 10 mM reduced glutathione.
Spectroscopic methods
We used a double beam spectrophotometer (Sigma ZWS-II, Berlin) for UV-absorbance difference spectroscopy 19 tted with two sets of tandem cuvettes. Oxidized PR (5-50 mM) and redox buffer in separate compartments of the tandem cuvettes were measured against PR plus redox buffer in the same compartment. The reactants were allowed to equilibrate in stoppered cuvettes at ambient temperature until the reading of the absorbance difference was constant. The spectral bandwidth was adjusted to 1 nm with Grx1 as reductant and 2 nm for the PR-GrxC14S complex. The scanning speed was 2 nm s À1 . The measured absorbance difference was converted into molar absorption changes D3 based on the concentration of PR used. The standard redox potential of PR was determined using glutathione (10-100 mM) redox buffers containing a catalytical amount (1 : 100 in relation to PR, i.e. 0.05-0.5 mM) of E. coli Grx1 at 25 C in 100 mM potassium phosphate pH 7.0. Before use, PAPS-reductase was converted to the fully oxidized state (PR ox ) by incubating the protein with PAPS at 25 C for 1 h in the absence of reductants. PAPS, PAP, and sulte were removed by gel ltration using SephadexG25 (Pharmacia). The enzyme was concentrated using Centriprep concentrators YM3 (Millipore). The samples were placed in the photometer as described above and the change in absorbance was followed continuously at 294 nm versus PR ox until equilibrium was reached, i.e. up to seven hours. The ratio of reduced to oxidized PAPS-reductase was obtained by normalizing D3 to D3 max . The equilibrium constant k eq for the thiol disulde exchange reaction via glutaredoxin involves only the oxidized and reduced forms of PR and glutathione. Given the standard redox potential of GSH as À240 mV, 30 the results were tted by non linear regression using the Additionally, the efficiency of PR with the various redoxins as electron donor were included. The electrostatic potential maps (from red ¼ À4 to blue ¼ +4 kT per e, using atomic partial charges) and the pictures were computed using the DeepView/Swiss-PDB Viewer 4.1. The structures marked with an asterisk were not experimentally determined but computed here by molecular modelling using the Swiss-model server. (A) A. thaliana TrxH3* (modelled with template 1wmj), (B) E. coli Trx1 (1xob), (C) E. coli Grx1 (1egr), (D) human Trx1 (1ert), (E) A. thaliana TrxH4*(modelled with template 1wmj), (F) E. coli Trx2* (modelled with template 3p2a), (G) A. thaliana TrxH1 (1xfl), (H) human Grx2 (2fls), (I) E. coli Grx3 (3grx), and E. coli NrdH (1h75).
Nernst equation with E 00 and n (the number of electrons) as variable parameters.
Computational methods
Protein structures and secondary structure assignments were obtained from the Protein Data Bank (RCBS, http:// www.rcsb.org/pdb/home/home.do). Molecular surfaces, contact surfaces and electrostatics were visualized using the Swiss PDB Viewer 57 and rendered using the 'Persistance of Vision Raytracer' (Povray, http://www.povray.org/). Detailed molecular interactions were analyzed with 'contact' of the CCP4 suite. 58 Structural alignments between all redoxins analysed and E. coli Trx1 were calculated using the PyMOL Molecular Graphics System, Version 1.7.4 Schrödinger, LLC (http:// www.pymol.org/). Electrostatic potential maps were calculated using the Swiss PDB Viewer. The dielectric constant of the solvent and proteins were set to 78.54 and 4, respectively, for computation applying the Poisson-Boltzmann method. When mapped to the surfaces, electrostatic maps were depicted from À4 (red) to +4 kT per e (blue). The structures of A. thaliana Trxs H2 and H3 (template for both: PDB accession 1wmj), as well as E. coli Trx2 (template: 3p2a) were modelled using the SwissModel server.
59 Grace (http://plasma-gate.weizmann.ac.il/Grace/) was used for data plotting and regression analysis, Inkscape (http://inkscape.org/) and the 'GNU Image Manipulation Program' (GIMP, http://www.gimp.org/) for preparing the gures.
Conclusions
The rationale for substrate specicity of the proteins from the thioredoxin family is key to the understanding of redox signalling in physiology and pathology. From this work, we conclude that the recognition of disulde substrates by thioredoxins and glutaredoxins is not determined by redox potentials, but by specic long-distance electrostatic interactions and complementary contact surfaces. 
